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Abstract: Indoor air quality (IAQ) is a critical consideration in airtight buildings that depend on 
mechanical ventilation, such as those constructed to the Passivhaus standard. While previous 
reviews of IAQ on Passivhaus-certified buildings foccused on offices, this study examines 
residential buildings. A summary of data collection methods and pollutant concentrations is 
presented, followed by a critical discussion of the impact of Passivhaus design strategies on IAQ. 
This review indicates that IAQ in Passivhaus-certified dwellings is generally better than in 
conventional homes, but both occupant behaviour and pollution from outdoor sources play a 
significant role in indoor concentrations. Moreover, there are differences in data collection and 
reporting methods. Many of the available studies depend on short-term IAQ monitoring of less than 
two weeks, making it difficult to determine the longer impact of housing design on IAQ and 
occupants’ well-being. There is also a lack of studies from non-European countries. Future research 
should focus on investigating associations between IAQ and Passivhaus design strategies in hot and 
humid climates, where evidence is particularly lacking. Further effort is also required to investigate 
potential links between occupant’s perception of IAQ and physical exposure to indoor pollution. 
Finally, the lack of homogeneous monitoring and reporting methods for IAQ studies needs to be 
addressed.  
Keywords: indoor air quality (IAQ), Passivhaus; indoor environment; thermal comfort; healthy 
homes; literature review 
 
1. Introduction 
In recent decades, it has become clear that humans are polluting the Earth to a point beyond 
which natural systems can function, resulting in progressive climate change [1,2]. Sustainable 
buildings are an important step to reduce these impacts [3]. It is estimated that the built environment 
is responsible for 40% of global annual final energy [4,5], and the residential sector may be 
accountable for a significant part [6–9]. Building practices, such as those adopted by the Passivhaus 
standard, are evolving and achieving ultra-low-energy consumption and high levels of occupant 
comfort, whilst producing buildings that are also economical, resource efficient and resilient to 
climate change. 
A Passive House, or ‘Passivhaus’, which is the original German term, is: “[…] a building, for 
which thermal comfort (ISO 7730) can be achieved solely by post-heating or post-cooling of the fresh 
air mass, which is required to achieve sufficient indoor air quality conditions – without the need for 
additional recirculation of air [10].” The Passivhaus standard is based on five fundamental concepts: 
super-insulation, thermal bridge-free construction, an airtight building envelope, use of high-
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performance doors and windows and heat recovery ventilation systems. Further, the building must 
comply with strict design criteria listed in detail on the Passive House Planning Package (PHPP, 
currently version 9) [11]. In cooler climates, the most crucial factors are heating load and heating 
demand so that the building does not require conventional heating systems to maintain comfortable 
indoor environment levels [12].  
Ventilation in Passivhaus homes, in most cases, is achieved through a balanced system of 
extracting and supplying fresh air, aligned with heat recovery. Mechanical ventilation with heat 
recovery (MVHR) is “[…] dimensioned for airflow rates according to IAQ requirements. Also, for 
IAQ reasons, air recirculation is not considered ([13], p. 1194)”. MVHR systems, when installed, 
commissioned and operated correctly, can provide acceptable ventilation levels, high levels of 
comfort and energy reduction while achieving acceptable IAQ [13]. MVHR installation has been 
associated with lower CO2 concentrations [14], improved IAQ [15,16] and thermal comfort [17], as 
well as energy savings [16,18], especially in Passivhaus residential buildings [19]. However, these 
outcomes depend on favourable ambient conditions and operating parameters [20]. 
Between 1990 and 2005, few Passivhaus homes were built, but this number has increased more 
rapidly in recent years. According to the Passivhaus Trust, the Passivhaus standard is one of the 
fastest-growing building energy performance systems in the world and it is estimated that there are 
now over 65,000 Passivhaus buildings worldwide [13]. Over the last decade, interest in the 
Passivhaus standard has increased along with research to support the approach and ethos. However, 
most studies focus on engineering, energy and environmental aspects, as the Passivhaus’ main goal 
is to reduce energy consumption. Relatively little has been done to investigate the interaction between 
energy efficiency and indoor environmental quality in Passivhaus buildings [21], particularly IAQ in 
dwellings. Components of IAQ include a number of variables including temperature and moisture, 
but more specifically pollutants including particulates, volatile organic compounds (VOCs), organic 
matter such as mould, and other chemicals. Their presence may be affected by sources (e.g., building 
materials or cooking), but the key mitigating strategy is ventilation. Studies have demonstrated that 
several parameters influence CO2 [22] and investigations into IAQ commonly use CO2 as an indicator 
of ventilation, especially when investigating living environments [21].  
As the time we spend indoors increases [23], health problems related to indoor air quality have 
become more evident [24]. Passivhaus adheres to strict levels of airtightness and then relies on use of 
mechanical ventilation (MVHR) to control ventilation [11], which may impact on IAQ. However, the 
Passivhaus standard does not explicitly address occupant health, including off-gassing (release of 
airborne particulates/chemicals) of building materials, as its approach is based on energy 
consumption and thermal comfort. Therefore, a comprehensive method to assess IAQ requires 
identification of specific pollutants [25], such as individual volatile organic compounds (VOCs), total 
volatile organic compounds (tVOCs) and fine particles (PM2.5), and uses CO2 as a metric for 
ventilation [26]. 
Evaluation of the impact of design strategies in low-energy buildings on occupants’ health and 
on the indoor environment has identified some concerns [27]. This has led to investigations of the 
impact of controlled ventilation rates [22,28], MVHR systems [29], airtightness [27]—such as those 
found in Passivhaus dwellings—and high levels of indoor air pollutants [30–32] on human health. 
Considering that Passivhaus offices and schools have the potential to improve energy conservation 
and IAQ [21], one might expect similar effects in dwellings. People spend more time in homes than 
in offices or schools [33]. However, IAQ residential guidelines and policies are not well developed 
and most of the criteria used for IAQ assessments are based on studies about the effects of air 
pollutants in non-residential buildings. Many homes contain indoor air pollutant sources such as 
cooking, cleaning products, tobacco smoke, air fresheners [23,32] that differ from non-residential 
buildings. Indoor VOCs and PM2.5 in homes are often found in higher concentrations than in offices 
and schools [26,34,35]. As well as the buildings themselves the way that homes are occupied and 
used, will also affect IAQ performance.  
Over the last decade, reviews of associations between design approaches to Passivhaus 
buildings and IAQ has been sparse, primarily based on non-residential Passivhaus buildings [21] or 
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isolated aspects of the Passivhaus design strategies based only on occupant’s perceptions [36]. For 
instance, a review published in 2015 [36] did not find any evidence to suggest that the use of air-
heating in Passivhaus homes was negatively affected by levels of IAQ and thermal comfort, but did 
note some limitations in terms of thermal comfort, especially in bathrooms and bedrooms and general 
complaints of dry air during winter. However, drawing conclusions from studies based on 
occupants’ perception of the effectiveness of air-heating, they report that air-heating in residential 
Passivhaus buildings is possible without adverse effects in health or comfort.  
Passivhaus’ rigorous design and construction methods, along with post-completion testing and 
verification, especially those related to the building fabric (i.e., airtightness testing), are key 
components in ensuring that energy targets are achieved. Therefore, the strict controls used in the 
construction phase are, in a way, a form of warranty that the building will perform as designed and 
that its results can be replicated. Rigorous monitoring of quality control during construction and the 
commitment of the design team are key factors in achieving Passivhaus standards [37]. Passivhaus 
technologies, including heat and cooling recovery ventilation, passive cooling and pre-heated/cooled 
fresh air, are very promising and have the potential to not only enhance IAQ, but also improve energy 
efficiency at the same time [21]. However, more recent studies have examined the relationships 
between IAQ and Passivhaus with more mixed results: while some suggest that Passivhaus design 
strategies may be beneficial to the indoor environment [12,38], others have found overheating and 
high levels of CO2 [39]. Some research has been carried out on IAQ in Passivhaus buildings, but there 
is no single study that currently exists, to the knowledge of the authors, that reviews evidence 
between 2000 and 2020 from physical IAQ measurements in a residential context and contextualises 
them with regards to the main Passivhaus design strategies . 
This paper provides a current review of the literature on IAQ in Passivhaus-certified dwellings. 
In doing so, this study aims to evaluate the potential for Passivhaus to provide good IAQ. Section 2 
defines the methods and criteria for the literature review of this work. Section 3 reviews the findings 
and research design of the studies that have investigated IAQ in Passivhaus residential buildings. 
Section 4 discusses the main Passivhaus design strategies that impact on IAQ. Finally, Section 5 
presents conclusions and further work. 
2. Methods  
Journal publications were identified through searches using Scopus and Google Scholar using 
different combinations of the following search terms: home, dwelling, indoor air quality, IAQ, 
Passivhaus, Passive House, tVOCs and PM2.5. Papers cited in the peer-reviewed articles were also 
considered. The goal of the search was to identify literature from studies that measured the 
concentrations of indoor pollutants and occupant perceptions of IAQ in residential Passivhaus 
buildings. Excluded from this review were studies based on: (a) non-certified Passivhaus dwellings, 
(b) non-residential buildings, and (c) studies prior to 2000. Due to the limited amount of published 
research, exclusion criteria did not include studies that draw conclusions from modelled IAQ, those 
that only used CO2 as an IAQ metric, or studies that drew conclusions exclusively from occupant’s 
perceptions. Literature reviews from non-residential Passivhaus buildings were scrutinised looking 
for additional relevant literature for this work, but not referenced in this work. 
The location, climate, study aim, data collection method (user surveys, physical measurements 
and computer simulations), duration and number of dwellings, as well as the type of sensors were 
compiled and separated based on their findings. The findings of the studies are discussed in this 
review and contextualised with regards to the main Passivhaus design strategies. The reviewed 
studies were too diverse for statistical analysis. Consequently, the strengths and limitations of the 
research design of each study were carefully analysed. Comparative tables and texts are used as the 
methods of evaluating and synthesising the reviewed articles. 
Through the manuscript, IAQ is described as high medium, moderate and low accordingly to 
the descriptions in the “CIBSE Guide A: Environmental Design“ and the “BS EN 13779: Ventilation 
for buildings. Performance requirements for ventilation and air-conditioning systems”. See Table 1. 
The term “acceptable” is understood as ‘air in which there are no known contaminants at harmful 
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concentrations as determined by cognizant authorities and with which a substantial majority (80% or 
more) of the people exposed do not express dissatisfaction [40] (p. 3)’ in this work. 
Table 1. Definition of indoor air quality (IAQ) standards. 
Category 
IAQ 
Standard 
Ventilation Range (l/s 
per Person) 
Default Value (l/s 
per Person) 
CO2 Level above the Outdoor 
Typical Range 
(ppm) 
Default Value 
(ppm) 
IDA1 High >15 20 ≤400 350 
IDA2 Medium 10–15 12.5 400–600 500 
IDA3 Moderate 6–10 8 600–1000 800 
IDA4 Low <6 5 >1000 1200 
3. Results 
3.1. Studies of IAQ in Passivhaus Dwellings 
After exclusions based on the above criteria, forty studies were identified that provided data 
about IAQ in Passivhaus dwellings. The studies are listed in Tables 2 and 3.  
Table 2. Publications about IAQ in Passivhaus dwellings. Part A. 
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[12] Several A ** ● ● ● ● ●      ● ●  ●       ●  100  100 
[13] Several A ** ● ● ● ●          ● ●      ●  100  100 
[38] Several A ** ● ● ● ● ●      ● ●  ●       ●  100  100 
[41] Mexico     ●     ● ● ●  □ □  □ □    ● 1 1 2 
[42] USA           ● ● ● ● ●  ●    ● ● 6  6 
[43] Denmark  ●         ● ● ● ● ●  ●    ●  3  3 
[44] Romania  ●            □ □  □    ●  1  1 
[45] France   ● ●  ●        ● ●  ● ● ● ● ●  1 6 7 
[46] Portugal      ●        ●        ● 1  1 
[47] Poland  ●            ◊       ◊  1  1 
[48] Sweden    ●               ● ● ● ● 1  1 
[49] Cyprus       ●       ● ●        1  1 
[50] Scotland  ●  ●         ● ● ● ● ●    ● ● 2  5 
[51] Norway ●             ◊       ◊  1  1 
[52] Several B **  ● ● ●  ●  ●             ◊  1 5 6 
[53] Lithuania   ● ●         ● ● ●  ●  ● ● ● ● ● ● 11 * 
[54] Sweden    ●          ● ●  ●  ●  ●  20 21 41 
[55] 
France  ● ● ●      
  ● ● ● ●  ● ● ● ● ● ● ● ● 
567 
* 
[56] USA      ●      ● ● ● ●  ● □   ● ● ● ● 24 * 
[57] England  ●      ●      ●◊ ●  ●     ●◊ 1 1 2 
[58] Austria    ●      ● ● ●  ● ●  ●      2 2 4 
[59] England  ●      ●  ● ● ● ● ● ●  ●   ●  ● 2 5 7 
[60] England  ●      ●    ● ● ● ●  ●     ● 3  3 
[61] Romania   ●      ●     ●◊ ●  ●    ●◊  1  1 
[62] Netherlands        ●   ● ● ●          7 83 90 
[63] Denmark  ●           ● ●◊ ●◊  ●◊    ●◊  1 1 2 
[64] England  ●      ●   ● ● ● ● ●  ●    ● ● 1  1 
[65] Wales        ●   ● ● ● ● ●  ●    ● ● 2  2 
[66] Austria   ●      ●  ● ●  ● ●  ●  ●   ● 18 6 24 
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[67] Several C ** ●    ●  ●       ◊ ◊        7  7 
[68] Scotland  ●  ●          ● ● ● ●    ●  5 21 26 
[69] Australia    ●          ●   ●    ●  1  1 
[70] Scotland  ●  ●          ● ●  ●    ● ● 1 2 3 
[71] 
Austria    ●      
    ● ●  ●  ● ● ●  ● ● 
123 
* 
[72] 
Austria    ●      
● ● ● ● ● ●  ●  ● ● ●  ● ● 
123 
* 
[73] China ●           ● ● ● ●  ● ●   ●  8 8 16 
[74] N. Ireland    ●                 ●  5  5 
[75] Germany        ●     ● ● ●  ●    ● ● 4  4 
[76] Norway ●          ● ● ● ● ●  ●    ●  1  1 
[77] Germany        ●             ●  114 41 155 
 *Number of dwellings not described by energy performance, but Passivhaus in homes sampling. 
**Several A: Austria, Germany, France, Sweden, and Switzerland. Several B: Germany, France, Spain, 
and the UK. Several C: Russia, Japan China, the USA, Singapore, and the United Arab Emirates. ● = 
physical monitoring with analytical monitors or not specified; □ = physical monitoring with low-cost 
monitors; ◊ = computer simulation; y = year(s); m = month; d = day(s). 
Table 3. Publications about IAQ in Passivhaus dwellings. Part B. 
  Temporality Results 
 Room  Season Surveys * Physical Measurements 
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[12] Not described 2.5y ● ● ● ● V V 20 (17–27)      
[13] Not described 2.5y ● ● ● ● V V 20 (17–27)      
[38] Not described 2.5y ● ● ● ● V V 20 (17–27)      
[41] ● ● ●  3m   ●  G G 23 (9–29) 52 (35–74)  436 (218–1431) 17.87 (2.5–146.6)  
[42]   ●  1w ●    G V 19 (16–27) ◊  820 (410–2378)   
[43]     3y ●  ●  V G ◊ ◊  ◊   
[44]   ●  2y ● ● ● ●   ◊ ◊  ◊   
[45] ● ● ●  2w ●  ●    21 (17–27) 42 (24–59)  887 (331–2030) 16.6 184 
[46] Not described 3m ●  ●    ◊      
[47] ● ● ● ● 1y ●      20      
[48]     1w            150 
[49] ●  ● ● 11m ● ● ● ●   24 (16–33) 53     
[50] ● ● ●  1y ● ● ● ●   ◊ (18–25) ◊ ◊ ◊   
[51] ● ● ● ● 1y ● ● ● ●   ◊ (19–34)      
[52]     1y             
[53]   ●  7d  ● ● ●   22 51  673  296 
[54] ●    2w ● ● ● ●   22 30  540  272 
[55]   ●  7d ● ● ● ●   Not described by dwelling’s energy performance 
[56] ● ●   6d    ●   Not described by dwelling’s energy performance 
[57]   ●  1y ● ● ● ●   22 46  ◊   
[58] ●  ●  5m ● ● ●  G G ◊ ◊  ◊   
[59] ●  ●  1d ●  ●  G V 23 (20–25) 41 (26–52)  133 (436–976)   
[60]   ●  1d ●  ●   G 22 (19–25) 43 (32–53)  731 (396–2598)   
[61] ● ● ● ● 6m ●      ◊ ◊  ◊   
[62]                  
[63] ● ●  ● 30d ●      23 35  ◊   
[64] ●  ●  1y ● ● ● ●   22 49  893   
[65] ● ● ● ● 2y ● ● ● ●   22 ◊  ◊   
[66] ●  ●  2y ●  ●  G G 23 ◊  ◊   
[67]    ● 1y ● ● ● ●   ◊ ◊     
[68] ●    7m ● ● ●    ◊ ◊ ◊ ◊   
[69] ●  ● ● 1y ● ● ● ●   ◊   ◊   
[70]   ●  1y  ● ●    ◊ ◊  594 (401–1384)   
[71]     2y ● ●  ●   Not described by dwelling’s energy performance 
[72]     2y ● ●  ●   Not described by dwelling’s energy performance 
[73]   ●  5m ● ●    OK 26 (23–28) 31 (18–46)  732 (622–841) 92 (47–127)  
[74] ●  ●  3m ●   ●         
[75]     25y ● ● ● ●   ◊ ◊  850   
[76]   ●   ●  ●  V V 22 (21–24) 37 (17–61)  383   
Int. J. Environ. Res. Public Health 2020, 17, 4749 6 of 16 
 
[77]     1y ● ● ● ●    
Mean (min–max); ◊ = absolute values not described; G = good; V = very good; OK = neither good or 
poor. *Perception data are often reported using scales; % of persons dissatisfied was not described in 
papers. Data refer to Passivhaus homes only; articles were scrutinised to differentiate these data from 
other types of buildings reported (i.e., control homes). 
3.2. Main Findings  
Twenty-four of the forty studies concluded that Passivhaus dwellings have the means to achieve 
acceptable levels of IAQ [13,41,42,44,45,49,53,54,56,58,61,64,69–72,75,77]. Eleven studies that 
compared Passivhaus to conventionally built dwellings found better levels of IAQ in the Passivhaus 
alternatives [41,45,52,54,58,59,66,70–72,77]. The Passivhaus standard does not specifically address 
off-gassing (release of airborne particulates/chemicals) of building materials, as its approach is based 
on energy consumption and thermal comfort. However, overheating problems and dry indoor 
environments have also been reported [46,49,64–66]. 
Twenty-seven of the fourty IAQ studies in Passivhaus dwellings have been undertaken in cold, 
oceanic, maritime and Mediterranean weathers, mostly in European countries. Very few were carried 
out on warm and humid climates. Only seven of the studies were carried out in non-European 
countries [41,42,56,67,69,73]. This demonstrates the need to address IAQ studies worldwide focusing 
on different climates.  
One of the biggest challenges to compare IAQ between different studies is the lack of 
homogeneous methods to report IAQ. Some studies do not describe the energy performance (four 
studies: [55,56,72,77]) or describe IAQ absolute values (fifteen studies: [43,44,46,50,51,57,58,61,65–
70,75]) and express relative levels (i.e., percentage of time above or below particular thresholds)—
which also happen to vary from one study to another, in addition to the differences of monitored 
periods. Additionally, the timeframe on which studies are conducted varies. For instance, some 
studies were carried out over long periods in several houses, but measurements were only taken for 
a week or spot measurements and were non-simultaneous. Many studies discuss results based on 
short monitoring periods below two weeks ([42,45,48,53–56,59–61]) and others do not consider 
seasonal variation ([41,42,47,56,61,63]). 
The identified literature includes four studies that reported from virtual simulations 
[47,51,52,66], one study based on occupant perception of IAQ, three used low-cost monitors 
[41,44,56], twenty-nine included physical IAQ measurements [41–45,48,50,53–61,63–66,68–77] and 
fourteen studies assessed IAQ through both physical measurements and occupant perceptions [41–
43,55,56,58,59,64–66,72,73,76]. Only thirteen of these measured IAQ metrics other than CO2 [41,45,53–
56,59,66,71–73]—of which, only seven also investigated the occupant IAQ perception 
[41,55,56,59,66,72,73]. It was noted that studies that monitored IAQ parameters other than CO2 only 
collected data between one spot measurement and two weeks of on-site analysis, with the exception 
of one study [41]. Table 4 shows a summary of the main findings and suggests actions or further 
work. 
Table 4. Summary of main findings. 
Factor Practice Observed Suggestion/Further Work 
IAQ monitoring 
Lack of homogeneous methods to 
report IAQ, due to apparent 
differences in parameters, 
timeframe, and reporting findings. 
Uniformity of IAQ monitoring. 
IAQ parameters 
More than 50% of the studies that 
measured IAQ only use CO2 as an 
IAQ indicator. 
Further work should include monitoring of 
specific IAQ pollutants, such as VOCs, 
PM2.5, CO, formaldehyde. 
Timeframe IAQ 
monitoring 
Differences from pollutant 
measurements vary from one spot 
measurement, less than 12 hours, a 
day, a week, a month and a year. 
Establish a minimum time frame to measure 
and report whether the measured time is 
longer than the minimum report both. 
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Relation to other 
monitoring in the 
same study 
More than 90% of the studies did 
not collect pollution data in homes 
(excluding CO2) simultaneously. 
Use of simultaneous measurements. 
IAQ reporting 
Some studies report absolute values 
and other relative values. 
Some studies do not report 
differences between dwelling types. 
Standardise reporting method. Always 
describe absolute values and, if needed for 
trends or other analysis, relative values. 
Instrumentation 
More than 90% used highly accurate 
monitors. Less than 10% use low-
cost solutions. 
The use of low-cost monitors could help to 
overcome the initial costs facilitating 
simultaneous monitoring, as well as wider 
timespans and collection samples. 
Geographical 
location 
More than 90% of the studies 
focused on European countries 
Conduct IAQ analysis in non-European 
countries. 
Climates 
European climates are well 
represented, but studies in other 
climates are lacking, such as warm 
or humid locations. 
Conduct IAQ analysis in climates not 
represented in European locations. 
3.3. IAQ Performance in Passivhaus Dwellings 
Passivhaus building systems not only help to achieve low-energy consumption, but they should 
also provide favourable IAQ and healthier environments. To achieve these aims, it is critical to adhere 
to best practices in terms of design through to construction and even occupant education [78,79]. 
Other simulations and field research indicate that Passivhaus design strategies may have a 
detrimental impact on IAQ [80–82]. Perhaps the most significant challenge for energy-efficient 
buildings related to IAQ is the lack of conclusive evidence. 
The quality of the indoor environment in newly built Passivhaus dwellings is comparable or 
better than other new low-energy homes, especially in relation to IAQ, as buildings achieved higher 
air change rates [54]. Concentrations of total volatile organic compounds (tVOCs), particulate matter 
(PM2.5) and formaldehyde were found to be lower in Passivhaus dwellings, but dryer environments 
were also observed [41,54]. Dryer environments have also been reported in other Passivhaus 
dwellings, especially during winter [66,71,72], associated with high temperatures [66] and the use of 
MVHR systems [72]. However, simulation and laboratory studies demonstrated that pre-heated air 
had no adverse effects on IAQ or thermal comfort and was associated with high occupant satisfaction 
[36]; therefore, occupant behaviour and incorrect use of the system may lead to dry environments. 
Passivhaus dwellings should achieve acceptable IAQ by following the mandatory certification 
criteria. These can be easily enhanced by including the best IAQ practices for source control, local 
exhausts, continuous ventilation, filtration, commissioning and occupant education [56]. However, 
overall IAQ performance is also affected by outdoor air quality, indoor emissions, ventilation use and 
maintenance, and air exchange rates. Human activities have been found to increase alkanes, benzene, 
aldehydes and PM2.5 temporarily, compared to the pre-occupancy period in Passivhaus dwellings, 
but mean indoor pollution emissions from building materials are generally higher during pre-
occupancy and decrease over time [45]. There is some concern about the effects of human activities 
and behaviours in Passivhaus homes. Measured indoor pollutants in pre-occupied Passivhaus 
dwellings are usually low; therefore, Passivhaus dwellings with air change rates of 0.5 h-1 have the 
potential to achieve good IAQ [48]. In fact, “the variance of almost all… indoor air pollutants can be 
explained by their outdoor concentrations and the presence of human occupants and their related 
activities rather than by building characteristics ([54], p. 90).” However, geographical location and 
building characteristics may have an impact on indoor temperature, relative humidity, air exchange 
rate and concentrations of formaldehyde [55].  
Research on radon in Passivhaus dwellings has gained interest in 2019 [74,75,77]. Although 
radon gas concentrations in recently renovated dwellings is significantly higher compared to older 
buildings, there is no difference between non-Passivhaus and Passivhaus dwellings [77]. However, 
new built Passivhaus dwellings have reduced radon gas concentrations [74] due to the ventilation 
systems [75]. All of the studies produced equivalent results, with Passivhaus dwellings achieving 
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lower primary energy consumption (42–90% lower) and CO2 emissions (25–78% lower) when 
compared to conventional buildings, with IAQ being observed as acceptable.  
4. IAQ and Passivhaus Design Strategies  
4.1. Airtightness 
The use of airtightness in Passivhaus buildings serves two primary purposes: energy 
conservation and protection of the building fabric [12]. Leaking building envelopes may lead to a 
series of problems, such as water damage by condensation, draughts, cold air above the floor level 
and increased energy consumption. High levels of airtightness, such as those in Passivhaus structures 
(≤0.6 h−1 @50 Pa), may help to avoid condensation and conserve energy. However, studies have 
opposing results as to whether air infiltration may be either beneficial [36,56,83] or detrimental 
[27,84–88] for buildings occupants’ health. 
A study [56] that measured IAQ and several indoor air pollutants in 19 homes in California 
found that IAQ was better in those that had higher levels of airtightness. The Passivhaus dwellings 
were the tightest, but they also had the best practices to control IAQ. However, they noted that if 
these practices—source control, local exhaust, continuous ventilation, filtration, commissioning and 
occupant education—were not included, IAQ may be compromised to some extent. Another study 
[89] that looked at two homes with n50 of 0.89–1.60 h−1 and mechanical ventilation, and a control house 
with n50 7.13 h−1 and natural ventilation, found no differences in the concentrations or composition of 
PM2.5. Another study suggests that when poor airtightness allows air to be drawn in from 
contaminated areas, IAQ can be reduced, as the infiltrating air is unfiltered, and in some cases, the 
building envelope may be a source of pollution because of mould or toxic materials [83]. 
As energy-efficient homes are made more airtight, indoor pollution sources may be more 
prevalent. Therefore, adequate ventilation can be used as a strategy to control air pollution [90] 
becoming critical to achieve and maintain satisfactory levels of IAQ [27], as less reliance can be placed 
on the building’s air permeability to contribute to air changes [91]. The provision of ventilation is 
therefore imperative, as there are consequences for the health of occupants when adequate ventilation 
is not achieved [22,92,93] 
4.2. Ventilation Rates 
Removing indoor sources of air pollution is a key strategy for maintaining good IAQ [93]. In 
Passivhaus dwellings, MVHR systems are used mainly for provision of fresh air to occupants, but 
they also act as a way to contain, dilute and remove indoor pollution and moisture [28,94]. For 
instance, the quality of the air in Passivhaus dwellings was compared with other low-energy homes 
and conventional houses in Sweden [54]. The study found that while tVOCs were slightly higher in 
Passivhaus dwellings (but not significantly different from other houses), concentrations of specific 
VOCs and formaldehydes were lower. Passivhaus dwellings were also characterised by the absence 
of microflora related to mould, thereby indicating a comfortable and healthier indoor environment. 
The study suggests that the better IAQ in Passivhaus residences is down to their relatively high air 
exchange rates.  
Reducing ventilation rates is likely to affect human health [95]. As explained by Wargocki ([23], 
p. 111): “Ventilation rates above 0.4 h−1 or CO2 below 900ppm in homes seem to protect against health 
risks[…], as ventilation rate in homes is associated with health in particular with asthma, allergy, 
airway obstruction and SBS symptoms[…]. Increasing ventilation rates in homes reduce house dust 
mites known to cause allergic symptoms.” The commonly accepted threshold [96] below which 
associations may occur is 0.5 ach−1, which should help to control moisture, but may differ from other 
widely known thresholds (CO2 < 1000 ppm or 8 l/s) [97]. Passivhaus ventilation rates are set according 
to the German standard DIN1946-6 [98], which establishes flow rates between 0.5 and 1.0 ach−1. The 
mean ventilation rates for Passivhaus structures are determined for IAQ requirements, with the 
minimum being a supply flow of 30 m3/h (8.33 l/s) per person, thus allowing the system to have at 
least 0.2 h−1 air changes when there is no occupancy in the building [13]. Evidence shows that 
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ventilation rates in homes below 0.5 ach−1 may degrade occupants’ health, as they are associated with 
a higher likelihood of exacerbating the symptoms of asthma and allergies from indoor pollutants [26].  
Data are limited regarding the causal health effects associated with ventilation rates in houses 
[99]; however, “as the limit values of all pollutants are not known, the exact determination of required 
ventilation rates based on pollutant concentrations and associated risks is seldom possible [28]”. 
Different studies suggest that low ventilation rates not only result in increased concentrations of 
indoor-generated pollutants, but they are also associated with SBS symptoms, poor thermal comfort, 
negative health effects and reduced productivity in non-industrial buildings [87,100]. An increase in 
SBS symptoms was associated with low ventilation, with human responses to low ventilation rates 
likely to affect IAQ perceptions and productivity [28], causing inflammation, asthma, allergies and 
short-term sick leave in office buildings [100]. 
There is a wide range of research findings on whether Passivhaus ventilation rates might be 
appropriate to maintain acceptable IAQ. For instance, it has been reported that Passivhaus with air 
change rates of 0.5 h−1 has the potential to achieve good IAQ [48]. Others suggest that while 
Passivhaus ventilation may be sufficient to comply with regulations or provide occupants with 
breathable air, it might not be enough to remove concentrations of VOCs, particulates and other 
hazardous chemicals [101]. Low ventilation rates [92] and dampness [102] have been associated with 
asthma, rhinitis and eczema in Swedish homes, so higher ventilation rates are highly desirable. 
A comparison between the USA, European and Passivhaus ventilation standards found an 
apparent lack of ventilation guidelines for Passivhaus [52]. Ventilation rates (8.3–8.9 l/s per person) 
required for Passivhaus dwellings account for the entire building only, whereas local guidelines 
might suggest different air flows (exhaust and supply), depending on the room. However, perhaps 
this opens up the possibility for Passivhaus to adapt to local regulations. 
A frequent practice is to use CO2 as an indicator of ventilation rates [22,26], and levels below 
1000 ppm are associated with adequate solutions in this regard [97]. Passivhaus studies that have 
measured CO2 concentration often report a wide range of values. For instance, measured CO2 
concentrations in Romanian Passivhaus homes were below 800 ppm [44] and below 1000 ppm 
(between 810 and 832 ppm) in US Passivhaus dwellings [42]; exceptions were when the house was 
occupied with more people than for what it was designed (hosting a dinner party, for instance). 
Another study [65] measured CO2 concentrations in two Passivhaus homes in Wales for over two 
years. The dwellings were designed to meet the EN 13779 [103] “moderate or satisfactory” IDA3 
category (CO2 levels above the range 600–1000 ppm outdoor air, <1400 ppm). According to IDA3, 
houses should have ventilation greater than 3.33 l/s per person. In one of the houses, the MVHR unit 
met 6.93 l/s per person, and bedroom CO2 concentrations exceeded 1400 ppm over 12.9% and 1000 
ppm over 36% of the time over the two years. The second dwelling achieved a ventilation rate of 
11.31 l/s per person, and bedroom CO2 levels exceeded 1400 ppm only 0.1% and 1000 ppm over 9.5% 
of the time over the two years. Eight Passivhaus flats were compared to eight conventional flats in 
China [73]. The authors found that ventilation levels of 8.33 l/s per person or higher were sufficient, 
thereby concluding that Passivhaus dwellings achieve acceptable CO2 levels. CO2 concentrations in 
the Passivhaus flats were between 622 and 841 ppm, whereas four of the conventional flats in the 
study exceeded 1000 ppm. 
Other studies present contradictory evidence. For instance, a study that measured three 
Passivhaus units in Denmark found that winter CO2 levels were above the target (660 ppm above the 
outdoor (outdoor average 370 ppm)), while summer CO2 levels were acceptable. During winter, CO2 
thresholds were exceeded in two of the homes [43]. However, the authors noted that occupants 
normally opened their windows during summer. UK Passivhaus dwellings may have poor 
ventilation, especially social housing [60]—although Passivhaus standard is not a common practice 
for UK social housing—as the CO2 thresholds were often exceeded when the rooms were occupied. 
However, they concluded that this could be down to some deficiencies in the MVHR system, 
including a lack of occupant knowledge. 
4.3. MVHR Systems 
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An MVHR is a ‘whole-house’ ventilation system, in which fresh air circulates from the supply 
zones to the extract zones so that the whole house is continually refreshed with clean, filtered outdoor 
air. The heat recovery element is the key factor for this ventilation strategy, as the incoming air is pre-
heated by the extracted air on a counter-flow heat exchanger chamber without mixing them. There 
are several components of the MVHR systems, but perhaps the most important for IAQ are the ducts, 
supply and extract terminals, as well as the filters. Although the main purpose of filters is to protect 
the heat exchange unit from dust, they may provide some protection from solid air pollutants as a 
secondary effect. However, the correct filters must be used to protect the system components and 
reduce indoor exposure to pollutants from outdoor origin. For instance, Passivhaus employing grade 
G4 filters and without secondary filters instead of the F7, as required for the certification, 
inadequately filtrated outdoor PM2.5, resulting in higher indoor concentrations [89]. 
Limited data are available on whether the effectiveness of MVHR systems to provide ventilation 
and control IAQ is adequate or not. Some studies suggest that they may actually exacerbate, rather 
than resolve, IAQ problems [101]. A significant concern of sizing residential MVHR units has been 
noted in current Passivhaus practices, as they deliver the same background ventilation regardless of 
occupancy levels [50]. It is clear that in order to benefit from the above, MVHR systems should be 
adequately designed, commissioned, installed, maintained and operated. A recent study of 54 homes 
in the UK, in which MVHR systems often did not perform as intended, found numerous problems 
related to installation, commissioning stages, operation and performance [104]. These findings are 
similar to earlier studies investigating MVHR deficiencies [105–107]. McGill [59] suggest that most of 
these problems could be avoided at the design stage. If proper instructions and guidance are given, 
problems in installation and commissioning could be prevented, thus averting problems with 
operation and performance. Recent studies have also found incidents of overheating in Passivhaus 
[104,108,109], complaints regarding the noise of the MVHR [62,91,104,105], cold draughts [104] and 
occupants’ experiences when interacting with the ventilation unit [70]. These problems may lead to 
the intermittent or seasonal use of MVHR systems as one of the many occupant responses to such 
deficiencies. MVHR performance shortcomings in Passivhaus projects were observed less often than 
in homes without the certification [104], due to the rigorous certification process. However, despite 
the shortcomings listed above, MVHR systems could result in higher levels of ventilation and lower 
energy consumption compared to naturally ventilated houses, but the context for this may be even 
worse ventilation in non-MVHR houses [104]. 
MVHR systems, regardless of the building type in which they are installed, are more energy 
efficient, with higher levels of airtightness [110,111]. However, this raises other issues, as mechanical 
ventilation systems have been associated with VOCs and other chemical pollutants emitted by system 
components and ductworks [28].  
Naturally ventilated and MVHR-equipped dwellings were studied to find associations between 
SBS symptoms, CO2 and formaldehyde levels [72]. They found that associations between neurological 
symptoms (dizziness, nausea and headaches) and formaldehyde concentrations as well as between 
CO2 levels and perceived stale air were observed. However, both associations were observed 
regardless of the type of ventilation. Recent studies, however, have demonstrated the difficulties 
involved in regular maintenance and cleaning—for instance, the limited options for filter 
replacements for ventilation units in the UK [32]. A study [106] that looked at 150 homes with MVHR 
systems found that the most common problem was general maintenance and cleaning. In total, 66% 
of the homes did not undertake annual maintenance, visible dirt was found in 43% of the homes, 77% 
had dust and dirt on the ducts and 67% had visible dirt from material construction. Occupant 
interaction with the system is a critical dimension. Inadequate user understanding and awareness of 
MVHR operation and control [70], combined with habitual behaviours (i.e., unexpected window 
openings), leads to misuse [112]. 
These studies have described the possible implications of the Passivhaus design strategies for 
IAQ and occupants’ well-being. However, airtightness, ventilation rates and MVHR systems should 
be understood as one entity in Passivhaus dwellings in order to provide a deeper understanding of 
the level of protection achieved following the rigorous criteria for certification.  
Int. J. Environ. Res. Public Health 2020, 17, 4749 11 of 16 
 
5. Conclusions 
Passivhaus design strategies (airtightness, controlled ventilation rates and MVHR systems) have 
the potential to achieve substantial energy reductions and good levels of IAQ, but only if building 
professionals and occupants seek to adhere to the best IAQ practices. As a function of its additional 
complexity and reliance on mechanical systems, occupants of Passivhaus dwellings need a greater 
degree of awareness and education to ensure the quality of their indoor environments. 
One of the biggest challenges when comparing IAQ studies, such as this, is the differences in 
monitoring periods, ways of reporting the data, the variety on indoor air pollutants measured/IAQ 
metrics, and the lack of universal thresholds. The latter, in particular, made it difficult to compare 
studies that only reported the percentage of time exceeding acceptable thresholds. Another 
characteristic is that the available IAQ studies often consider the indoor environment over a very 
limited time frame (e.g., one spot measurement to a maximum of two weeks). Despite the recent 
evidence on the impact of IAQ on health, very few Passivhaus studies link occupants’ well-being and 
IAQ perceptions to physical concentrations of indoor air pollution. 
This review indicates there are gaps in the knowledge. There is a need to standardise IAQ 
assessment—frequency and range of pollutant types—recognising that CO2 is a proxy for ventilation 
rather than an IAQ indicator. The best practice observed in this work entailed obtaining high-quality 
data simultaneously in different buildings over a more extended time frame which could be used as 
a starting point to a more uniform IAQ reporting procedure. This reporting procedure could make 
comparative studies across multiple build types and climates, and facilitate research to observe 
potential links between occupants’ IAQ perceptions and well-being,to physical exposure of indoor 
pollution levels and indoor environmental parameters. These outcomes highlight a lack of studies 
addressing IAQ in Passivhaus homes and the need to achieve a better understanding of the impact 
of Passivhaus design techniques on IAQ. 
Author Contributions: Conceptualisation, A.M.-R., T.S., G.M. and F.M.; data curation, A.M.-R.; formal analysis, 
A.M.-R.; funding acquisition, A.M.-R.; investigation, A.M.-R.; methodology, A.M.-R., T.S., G.M. and F.M.; project 
administration, A.M.-R.; supervision, T.S., G.M. and F.M.; visualisation, A.M.-R.; writing—original draft, A.M.-
R.; writing—review and editing, T.S., G.M. and F.M. All authors have read and agreed to the published version 
of the manuscript. 
Funding: This research was partially funded by CONACyT through a PhD grant. 
Acknowledgements: Thanks are given to Adam Hotson, who offered useful editing and proofreading of an 
earlier version of this paper. The work published here was undertaken at the Mackintosh Environmental 
Research Unit. 
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 
publish the results. 
References  
1. Intergovernmental Panel on Climate Change. Climate Change 2013—The Physical Science Basis: Working 
Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
Available online: https://www.ipcc.ch/report/ar5/wg1/ (accessed on 3 May 2020). 
2. Schellnhuber, H.J.; Cramer, W.; Nakicenovic, N.; Wigley, T.; Yohe, G. Avoid. Danger. Clim. Chang. 2006, 14, 
doi:10.2980/1195–6860(2007)14[134:ADCC]2.0.CO;2. 
3. Hopfe, C.J.; McLeod, R.S. The Passivhaus designer’s manual: A technical guide to low and zero energy buildings. 
1st ed. Taylor and Francis Group: Routledge, London, 2015. 
4. Anderson, .JE.; Wulfhorst, G.; Lang, W. Energy analysis of the built environment - A review and outlook. 
Renew Sustain. Energy Rev. 2015, 44, 149–158, doi:10.1016/j.rser.2014.12.027. 
5. Liu, D., Zhao FY, Tang GF. Active low-grade energy recovery potential for building energy conservation. 
Renew Sustain Energy Rev. 2010, 14, 2736–2747, doi:10.1016/j.rser.2010.06.005. 
6. Asimakopoulos, D.; Assimakopoulos, V.; Chrisomallidou, N.; Klitsikas, N.; Mangold, D.; Michel, P.; 
Santamouris, M.; Tsangrassoulis, A. Energy and Climate in the Urban Built Environment. James & James 
(Science Publishers) Ltd: New York, NY, USA, 2011. 
Int. J. Environ. Res. Public Health 2020, 17, 4749 12 of 16 
 
7. The Green Construction Board. Low Carbon Routemap for the UK Built Environment, Construction Leadership 
Council: London, UK, 2013, pp,1–117. 
8. Desai M; Harvey R P. Inventory of US greenhouse gas emissions and sinks: 1990-2015. Fed. Register 2017, 
82, 10767. 
9. SEMARNAT, INECC. Primer Informe Bienal de Actualización ante la Conv. Marco Nac. Unidas sobre Cambio 
Climático 2015, 287, doi:10.1017/CBO9781107415324.004. 
10. PHI. Passipedia 2017. Available online: http://www.passipedia.org/ (accessed 29 March 2018). 
11. Feist, W.; Bastian, Z.; Ebel, W.; Gollwitzer, E.; Grove-Smith, J.; Kah, O.; Kaufmann, B.; Krick, B.; Pfluger, R.; 
Schnieders, J.; Steiger, J. Passive House Planning Package Version 9, The energy balance and design tool for efficent 
buildings and retrofits. 1st ed. Darmstadt; Passive House Institute: Darmstadt, Germany, 2015. 
12. Schnieders, J.; Hermelink, A. CEPHEUS results: Measurements and occupants’ satisfaction provide 
evidence for Passive Houses being an option for sustainable building. Energy Policy 2006, 34, 151–171, 
doi:10.1016/j.enpol.2004.08.049. 
13. Feist, W.; Schnieders, J.; Dorer, V.; Haas, A. Re-inventing air heating: Convenient and comfortable within 
the frame of the Passive House concept. Energy Build 2005, 37, 1186–1203, doi:10.1016/j.enbuild.2005.06.020. 
14. Fehrm, M.; Reiners, W.; Ungemach, M. Exhaust air heat recovery in buildings. Int. J. Refrig. 2002, 25, 439–
449, doi:10.1016/S0140-7007(01)00035-4. 
15. Seppänen, O. Ventilation strategies for good indoor air quality and energy efficiency. Int. J. Vent. 2008, 6, 
297–306, doi:10.1080/14733315.2008.11683785. 
16. Hekmat, D, Feustel, H.E.; Modera, M.P. Impacts of ventilation strategies on energy consumption and 
indoor air quality in single-family residences. Energy Build 1986, 9, 239–51, doi:10.1016/0378-7788(86)90024-
1. 
17. Mardiana-Idayu, A.; Riffat, S.B. An experimental study on the performance of enthalpy recovery system 
for building applications. Energy Build 2011, 43, 2533–2538, doi:10.1016/j.enbuild.2011.06.009. 
18. Mardiana-Idayu, A.; Riffat, S.B. Review on heat recovery technologies for building applications. Renew 
Sustain Energy Rev. 2012, 16, 1241–1255, doi:10.1016/j.rser.2011.09.026. 
19. Dodoo, A.; Gustavsson, L.;Sathre, R. Primary energy implications of ventilation heat recovery in residential 
buildings. Energy Build 2011, 43, 1566–1572, doi:10.1016/j.enbuild.2011.02.019. 
20. Mardiana-Idayu, A.; Riffat, S.B. Review on physical and performance parameters of heat recovery systems 
for building applications. Renew Sustain Energy Rev. 2013, 28, 174–190, doi:10.1016/j.rser.2013.07.016. 
21. Wang, Y.; Kuckelkorn, J.; Zhao, F.Y; Spliethoff, H.; Lang, W. A state of art of review on interactions between 
energy performance and indoor environment quality in Passive House buildings. Renew Sustain Energy 
Rev. 2017, 72, 1303–1319, doi:10.1016/j.rser.2016.10.039. 
22. Wargocki, P. The Effects of Ventilation in Homes on Health. Int J Vent. 2013, 12, 101–118, 
doi:https://doi.org/10.1080/14733315.2013.11684005. 
23. Spengler, J.; Sexton, K. Indoor air pollution: A public health perspective. Science 1987, 221, 9–17, 
doi:10.1126/science.6857273. 
24. Steiger, S.; Hellwing, R.; Junker, E. Distribution of carbon dioxide in a naturally ventilated room with high 
internal heat load. In: Rode, C., editor. Symp. Build. Phys. Nord. Ctries 2008, 6, 377–384. 
25. Emmerich, S.J.; Persily, A.K. Indoor air quality in Sustainable, energy efficient buldings. HVAC&R Res. 
2011, 18, 4–20, doi:10.1080/10789669.2011.592106. 
26. Sundell, J.; Levin, H.; Nazaroff, W.W.; Cain, W.S.; Fisk, W.J.; Grimsrud, D.T.; Gyntelberg, F.; Li ,Y.; Persily, 
A.K.; Pickering, A.C.; Samet, J.M.; Spengler, J.D.; Taylor, S.T.; Weschler, C.J. Ventilation rates and health: 
Multidisciplinary review of the scientific literature. Indoor Air 2011, 21, 191–204, doi:10.1111/j.1600-
0668.2010.00703.x. 
27. Davies, I.; Harvey, V. Zero carbon: What does it mean to homeowners and housebuilders? IHS BRE Press: 
Amersham, UK, 2008. 
28. Seppänen, O.; Fisk, W.J. Summary of human responses to ventilation. Indoor Air 2004, 14, 102–118, 
doi:10.1111/j.1600-0668.2004.00279.x. 
29. Yu, C.; Crump, D. Indoor Environmental Quality - Standards for Protection of Occupants’ Safety, Health 
and Environment. Indoor Built. Environ. 2010, 19, 499–502, doi:10.1177/1420326x10381106. 
30. Uhde, E.; Salthammer, T. Impact of reaction products from building materials and furnishings on indoor 
air quality-A review of recent advances in indoor chemistry. Atmos. Environ. 2007, 41, 3111–3128, 
doi:10.1016/j.atmosenv.2006.05.082. 
Int. J. Environ. Res. Public Health 2020, 17, 4749 13 of 16 
 
31. Bernstein, J.; Alexis, N.; Bacchus, H.; Bernstein, I.L.; Fritz, P.; Horner, E.; Li, N.; Mason, S.; Nel, A.; Oullette, 
J.; Reijula, K.; Reponen, T.; Seltzer, J.; Smith, A.; Tarlo, S.M. The health effects of nonindustrial indoor air 
pollution. J. Allergy Clin. Immunol. 2008, 121, 585–591, doi:10.1016/j.jaci.2007.10.045. 
32. Crump, D.; Dengel, A.; Swainson, M. Indoor Air Quality in Highly Energy Efficient Homes—A Review. HIS 
BRE press: Amersham, UK, 2009. 
33. Klepeis, N.E.; Nelson, W.C.; Ott, W.R.; Robinson, J.P.; Tsang, A.M.; Switzer, P.; Behar, J.V.; Hern, C.; 
Engelmann, W.H. The National Human Activity Pattern Survey (NHAPS): A resource for assessing 
exposure to environmental pollutants. J. Expo. Anal. Environ. Epidemiol. 2001, 11, 231–252, 
doi:https://doi.org/10.1038/sj.jea.7500165. 
34. Brown, S.K.; Sim, M.R.; Abramson, M.J.; Gray, C.N. Concentrations of volatile organic compounds in 
indoor air–a review. Indoor Air 1994, 4, 123–134, doi:10.1111/j.1600-0668.1994.t01-2-00007.x. 
35. Fisk, W.J. The ventilation problem in schools: Literature review. Indoor Air 2017, 27, 1039–1051, 
doi:10.1111/ina.12403. 
36. Berge, M.; Mathisen, H.M. The suitability of air-heating in residential passive house buildings from the 
occupants’ point of view-a review. Adv. Build. Energy. Res. 2015, 9, 175–189, 
doi:10.1080/17512549.2015.1040069. 
37. Guerra-Santin, O.; Tweed, C.; Jenkins, H.; Jiang, S. Monitoring the performance of low energy dwellings: 
Two UK case studies. Energy Build 2013, 64, 32–40, doi:10.1016/j.enbuild.2013.04.002. 
38. Schnieders, J. CEPHEUS – measurement results from more than 100 dwelling units in passive houses. 
ECEEE 2003 Summer Study, 2003, 6, 341–351. 
39. Tabatabaei, S.M.; Gaterell, M.; Montazami, A.; Ahmed, A. Overheating investigation in UK social housing 
flats built to the Passivhaus standard. Build Environ. 2015, 92, 222–2235, doi:10.1016/j.buildenv.2015.03.030. 
40. ASHRAE. ASHRAE standard 62.1-2007 Ventilation for Acceptable Indoor Air Quality. ASHRAE: Atlanta, USA, 
2007. 
41. Moreno-Rangel, A.; Sharpe, T.; Musau, F.; McGill, G. Indoor Fine Particle (PM2.5) Pollution and Occupant 
Perception of the Indoor Environment During Summer of the First Passivhaus Certified Dwelling in Latin 
America. J. Nat. Resour. Dev. 2018, 8, 78–90, doi:10.5027/jnrd.v8i0.08. 
42. Comfort and Indoor Air Quality in Passive Houses in the US. Available online: https://ases.conference-
services.net/resources/252/2859/pdf/SOLAR2012_0256_full%20paper.pdf (accessed on 1 June 2020). 
43. Brunsgaar, C.; Heiselberg, P.; Knudstrup, M.-A.; Larsen, T.S. Evaluation of the Indoor Environment of 
Comfort Houses: Qualitative and Quantitative Approaches. Indoor Built. Environ. 2012, 21, 432–451, 
doi:10.1177/1420326X11431739. 
44. Dan, D.; Tanasa, C.; Stoian, V.; Brata, S.; Stoian, D.; Nagy, G.T.; Florut, S.C. Passive house design-An 
efficient solution for residential buildings in Romania. Energy Sustain. Dev. 2016, 32, 99–109, 
doi:10.1016/j.esd.2016.03.007. 
45. Derbez, M.; Berthineau, B.; Cochet, V.; Lethrosne, M.; Pignon, C.; Riberon, J.; Kirchner, S. Indoor air quality 
and comfort in seven newly built, energy-efficient houses in France. Build. Environ. 2014, 72, 173–187, 
doi:10.1016/j.buildenv.2013.10.017. 
46. Figueiredo, A.; Figueira, J.; Romeu, V.; Maio, R. Thermal comfort and energy performance: Sensitivity 
analysis to apply the Passive House concept to the Portuguese climate. Build Environ. 2016, 103, 276–288, 
doi:10.1016/j.buildenv.2016.03.031. 
47. Firla̧g, S.; Zawada, B. Impacts of airflows, internal heat and moisture gains on accuracy of modeling energy 
consumption and indoor parameters in passive building. Energy Build. 2013, 64, 372–383, 
doi:10.1016/j.enbuild.2013.04.024. 
48. Fischer, A.; Langer, S.; Ljungström, E. Chemistry and indoor air quality in a multi-storey wooden passive 
(low energy) building: Formation of peroxyacetyl nitrate. Indoor Built. Environ. 2014, 23, 485–496, 
doi:10.1177/1420326X13487917. 
49. Fokaides, P.A.;Christoforou, E.; Ilic, M.; Papadopoulos, A. Performance of a Passive House under 
subtropical climatic conditions. Energy Build. 2016, 133, 14–31, doi:10.1016/j.enbuild.2016.09.060. 
50. Foster, .J.; Sharpe, T.; Poston, A.; Morgan, C.; Musau, F. Scottish Passive House: Insights into environmental 
conditions in monitored Passive Houses. Sustain 2016, 8, 1–24, doi:10.3390/su8050412. 
51. Georges, L.; Berner, M.; Mathisen, H.M. Air heating of passive houses in cold climates: Investigation using 
detailed dynamic simulations. Build Environ. 2014, 74, 1–12, doi:10.1016/j.buildenv.2013.12.020. 
Int. J. Environ. Res. Public Health 2020, 17, 4749 14 of 16 
 
52. Guillén-Lambea, S.; Rodríguez-Soria, B.; Marín, J.M. Review of European ventilation strategies to meet the 
cooling and heating demands of nearly zero energy buildings (nZEB)/Passivhaus. Comparison with the 
USA. Renew Sustain Energy Rev. 2016, 62, 561–274, doi:10.1016/j.rser.2016.05.021. 
53. Kaunelienė, V.; Prasauskas, T.; Krugly, E.; Stasiulaitienė, I.; Čiužas, D.; Šeduikytė, L.; Martuzevičius, D. 
Indoor air quality in low energy residential buildings in Lithuania. Build Environ. 2016, 108, 63–72, 
doi:10.1016/j.buildenv.2016.08.018. 
54. Langer, S.; Bekö, G.; Bloom, E.; Widheden, A.; Ekberg, L. Indoor air quality in passive and conventional 
new houses in Sweden. Build Environ. 2015, 93, 92–100, doi:10.1016/j.buildenv.2015.02.004. 
55. Langer, S.;Ramalho, O.; Derbez, M; Ribéron, J.; Kirchner, S.; Mandin, C. Indoor environmental quality in 
French dwellings and building characteristics. Atmos. Environ. 2016, 128, 82–91, 
doi:10.1016/j.atmosenv.2015.12.060. 
56. Less, B.; Mullen, N.; Singer, B.; Walker, I. Indoor air quality in 24 California residences designed as high-
performance homes. Sci. Technol. Built Environ. 2015, 21, 14–24, doi:10.1080/10789669.2014.961850. 
57. Liang, X.; Wang, Y.; Royapoor, M; Wu, Q.; Roskilly, T. Comparison of building performance between 
Conventional House and Passive House in the UK. Energy Procedia. 2017, 14, 1823–1828, 
doi:10.1016/j.egypro.2017.12.570. 
58. Mahdavi, A.; Doppelbauer, E.M. A performance comparison of passive and low-energy buildings. Energy 
Build 2010, 42, 1314–1319, doi:10.1016/j.enbuild.2010.02.025. 
59. McGill, G.; Oyedele, L.O.; Keeffe, G. Indoor air-quality investigation in code for sustainable homes and 
Passivhaus dwellings. World J. Sci. Technol. Sustain. Dev. 2015, 12, 39–60, doi:10.1108/WJSTSD-08-2014-0021. 
60. McGill, G.; Qin, M.; Oyedele, L. A case study investigation of indoor air quality in UK Passivhaus 
dwellings. Energy Procedia. 2014, 62, 190–199, doi:10.1016/j.egypro.2014.12.380. 
61. Mihai, M.; Tanasiev, V.; Dinca, C.; Badea, A.; Vidu, R. Passive house analysis in terms of energy 
performance. Energy Build 2017, 144, 74–86, doi:10.1016/j.enbuild.2017.03.025. 
62. Mlecnik, E.; Schütze, T.; Jansen, S.J.T; De Vrie,s G.; Visscher, H.J.; Van Hal, A. End-user experiences in 
nearly zero-energy houses. Energy Build 2012, 49, 471–478, doi:10.1016/j.enbuild.2012.02.045. 
63. Paliouras, P.; Matzaflaras, N.; Peuhkuri, R.H.; Kolarik, J. Using Measured Indoor Environment Parameters 
for Calibration of Building Simulation Model- A Passive House Case Study. Energy Procedia. 2015, 78, 227–
232, doi:10.1016/j.egypro.2015.11.209. 
64. Ridley, I.; Clarke, A.; Bere, J.; Altamirano, H.; Lewis, S.; Durdev, M.; Farr, A. The monitored performance 
of the first new London dwelling certified to the Passive House standard. Energy Build 2013, 63, 67–78, 
doi:10.1016/j.enbuild.2013.03.052. 
65. Ridley, I.; Bere, J.; Clarke, A.; Schwartz, Y.; Farr, A. The side by side in use monitored performance of two 
passive and low carbon Welsh houses. Energy Build 2014, 82, 13–26, doi:10.1016/j.enbuild.2014.06.038. 
66. Rojas, G.; Wagner, W.; Suschek-Berger, J.;, Pfluger, R.;, Feist, W. Applying the passive house concept to a 
social housing project in Austria – evaluation of the indoor environment based on long-term measurements 
and user surveys. Adv. Build Energy Res. 2016, 10, 125–148, doi:10.1080/17512549.2015.1040072. 
67. Schnieders, J.; Feist, W.;Rongen, L. Passive Houses for different climate zones. Energy Build 2015, 105, 71–
87, doi:10.1016/j.enbuild.2015.07.032. 
68. Sharpe, T.R.; Porteous, C.D.A.A.; Foster, J.; Shearer, D. An assessment of environmental conditions in 
bedrooms of contemporary low energy houses in Scotland. Indoor Built Environ. 2014, 23, 1–24, 
doi:10.1177/1420326X14532389. 
69. Truong, H.; Garvie, A.M. Chifley Passive House: A Case Study in Energy Efficiency and Comfort. Energy 
Procedia. 2017, 121, 214–21, doi:10.1016/j.egypro.2017.08.020. 
70. Lessons from Post Occupancy Evaluation and Monitoring of the 1st Certified Passive House in Scotland. 
Available online: https://strathprints.strath.ac.uk/42818/ (accessed on 30 May 2020). 
71. Wallner, P.; Munoz, U.; Tappler, P.; Wanka, A.; Kundi, M.; Shelton, J.F.; Hutter, H.P. Indoor environmental 
quality in mechanically ventilated, energy-efficient buildings vs. Conventional buildings. Int. J. Environ. 
Res. Public Health 2015, 12, 14132–14147, doi:10.3390/ijerph121114132. 
72. Wallner, P.; Tappler, P.; Munoz, U.; Damberger, B,; Wanka, A.; Kundi, M.; Hutter, H.P. Health and 
wellbeing of occupants in highly energy efficient buildings: A field study. Int. J. Environ. Res. Public Health 
2017, 14, doi:10.3390/ijerph14030314. 
73. Wang, Z.; Xue, Q.; Ji, Y.; Yu, Z. Indoor environment quality in a low-energy residential building in winter 
in Harbin. Build Environ. 2018, 135, 194–201, doi:10.1016/j.buildenv.2018.03.012. 
Int. J. Environ. Res. Public Health 2020, 17, 4749 15 of 16 
 
74. McCarron, B.; Meng, X.; Colclough, S. “A pilot study of radon levels in certified passive house buildings,” 
Build. Serv. Eng. Res. Technol. 2019, 40, 296–304, doi:10.1177/0143624418822444. 
75. Feist, W.; Pfluger, R.; Hasper, W.; “Durability of building fabric components and ventilation systems in 
passive houses,” Energy Effic. 2019, 5, doi:10.1007/s12053-019-09781-3. 
76. Lolli, N. and Lien, A.G. “Comfort assessment of two nzebs in norway,” J. Sustain. Archit. Civ. Eng. 2019, 25, 
5–15, doi:10.5755/j01.sace.25.2.22098. 
77. Meyer, W. “Impact of constructional energy-saving measures on radon levels indoors,” Indoor Air 2019, 29, 
680–685, doi:10.1111/ina.12553. 
78. Kovesi, T.; Zaloum, C.; Stocco, C.; Fugler, D.; Dales, R.E.; Ni, A.; Barrowman, N.; Gilbert, N.L.; Miller, J.D. 
Heat recovery ventilators prevent respiratory disorders in Inuit children. Indoor Air 2009, 19, 489–499, 
doi:10.1111/j.1600-0668.2009.00615.x. 
79. Weichenthal, S.; Mallach, G.; Kulka, R.; Black, A.; Wheeler, A.; You, H.; St-Jean, M.; Kwiatkowski, R.; Sharp, 
D. A randomized double-blind crossover study of indoor air filtration and acute changes in 
cardiorespiratory health in a First Nations community. Indoor Air 2013, 23, 175–84, doi:10.1111/ina.12019. 
80. Wilson, J.; Dixon, S.L; Jacobs, D.E; Breysse, J.; Akoto, J.; Tohn, E.; Isaacson, M.; Evens, A.; Hernandez, Y. 
Watts-to-Wellbeing: Does residential energy conservation improve health? Energy Effic. 2014, 7, 151–160, 
doi:10.1007/s12053-013-9216-8. 
81. Milner, J.; Shrubsole, C.; Das, P.; Jones, B.; Ridley, I.; Chalabi, Z.; Hamilton, I; Armstrong, B.; Davies, M.; 
Wilkinson, P. Home energy efficiency and radon related risk of lung cancer: Modelling study. BMJ 2014, 
348, 7493–7493, doi:10.1136/bmj.f7493. 
82. Emmerich, S.J.; Howard-reed, C.; Gupte, A. Modeling the IAQ Impact of HHI Interventions in Inner-city 
Housing. Rep. US Dep. Hous. Urban. Dev. Off Heal Homes Lead Hazard Control 2005, 6, 102. 
83. Sherman, M.H.; Chan, R. Building Airtightness: Research and Practice. Lawrence Berkeley Natl. Lab. 2004, 7, 
1–46. 
84. Carrer, P.; Fanetti, A.; Forastiere, F.; Holcatova, I.; Molhave, L.; Sundell, J.; Viegi, G.; Simoni, M. EnVIE-Co-
ordination Action on Indoor Air Quality and Health Effects - Final report. 2009. 
85. Godish, T.; Spengler, D.; Godishi, T.; Spengler, J.D. Relationship Between Ventilation and Indoor Air 
Quality: A Review. Indoor Air 1996, 6, 135–145, doi:10.1111/j.1600-0668.1996.00010.x. 
86. Seppänen, O.; Fisk, W.J. Association of ventilation system type with SBS symptoms in office workers. Indoor 
Air 2002, 12, 98–112, doi:10.1034/j.1600-0668.2002.01111.x. 
87. Seppänen, O.; Fisk, W.J.; Mendell, M.J. Association of ventilation rates and CO2 concentrations with health 
and other responses in commercial and institutional buildings. Indoor Air 1999, 9, 226–252, 
doi:10.1111/j.1600-0668.1999.00003.x. 
88. Mendell, M.J. Non-specific Symptoms in Ofice Workers: A Review and Summary of the Epidemiologic 
Literature. Indoor Air 1993, 3, 227–236, doi:10.1111/j.1600-0668.1993.00003.x. 
89. Szirtesi, K.; Angyal, A.; Szoboszlai, Z.; Furu, E.; Török, Z.; Igaz, T.; Kertész, Z. Airborne particulate matter 
investigation in buildings with passive house technology in Hungary. Aerosol Air Qual. Res. 2018, 18, 1282–
93, doi:10.4209/aaqr.2017.05.0158. 
90. Energy Saving Trust. Energy Efficient Ventilation in Dwellings – A Guide for Specifiers Contents; Energy Saving 
Trust: London, UK, 2006, p.20. 
91. Bone, A.; Murray, V.; Myers, I.; Dengel, A.; Crump, D. Will drivers for home energy efficiency harm 
occupant health? Perspect Public Health 2010, 130, 233–238, doi:10.1177/1757913910369092. 
92. Bornehag, C.G.; Sundell, J.; Hägerhed-Engman, L.; Sigsgaard, T. Association between ventilation rates in 
390 Swedish homes and allergic symptoms in children. Indoor Air 2005, 15, 275–80, doi:10.1111/j.1600-
0668.2005.00372.x. 
93. Wolrd Health Oranization. Indoor air quality: Organic pollutants. Environ. Technol. Lett. 1989, 10, 855–858, 
doi:http://dx.doi.org/10.1080/09593338909384805. 
94. Brimblecombe, R.; Rosemeier, K. Positive Energy Homes Creating Passive Houses for Better Living. 1st ed. 
Clayton South: CSIRO Publishing: Clayton South, Australia, 2017. 
95. Howieson, S.; Sharpe, T.; Farren, P. Building tight - ventilating right? How are new air tightness standards 
affecting indoor air quality in dwellings? Build Serv. Eng. Res. Technol. 2013, 35, 475–487, 
doi:10.1177/0143624413510307. 
96. Dimitroulopoulou, C. Ventilation in European dwellings: A review. Build Environ. 2012, 47, 109–125, 
doi:10.1016/j.buildenv.2011.07.016. 
Int. J. Environ. Res. Public Health 2020, 17, 4749 16 of 16 
 
97. Porteous, C.D. Sensing a Historic Low-CO 2 Future. In: Mazzeo DN, editor. Chem. Emiss. Control. Radioact. 
Pollut. Indoor Air Qual. InTech. 2011, 8, 213–46. 
98. DIN 1946–6 Ventilation and Air Conditioning—Part 6: Ventilation for Residential Buildings—General 
Requirements, Requirements for Measuring, Performance and Labeling, Delivery/Acceptance 
(Certification) and Maintenance. Available online: 
https://global.ihs.com/doc_detail.cfm?&document_name=DIN%201946%2D6&item_s_key=00521689&ite
m_key_date=900730& (accessed on 23 May 2020). 
99. Spengler, J.D. Climate change, indoor environments, and health. Indoor Air 2012, 22, 89–95, 
doi:10.1111/j.1600-0668.2012.00768.x. 
100. Wargocki, P.; Sundell, J.; Bischof, W.; Brundrett, G.; Fanger, P.O.; Gyntelberg, F.; Hanssen, S.O.; Harrison, 
P.; Pickering, A.; Seppänen, O.; Wouters, P. Ventilation and health in non-industrial indoor environments: 
Report from a European multidisciplinary scientific consensus meeting (EUROVEN). Indoor Air 2002, 12, 
113–128, doi:10.1034/j.1600-0668.2002.01145.x. 
101. Woolley, T. Building materials, health and indoor air quality: No breathing space? 1st ed. Routledge: 
London, UK, 2017. 
102. Bornehag, C.G.; Sundell, J.; Sigsgaard, T. Dampness in buildings and health (DBH): Report from an ongoing 
epidemiological investigation on the association between indoor environmental factors and health effects 
among children in Sweden. Indoor Air, 2004, 14, 59–66, doi:10.1111/j.1600-0668.2004.00274.x. 
103. Ventilation for Non-residential Buildings—Performance requirements for ventilation and room 
conditioning systems. Available online: http://www.cres.gr/greenbuilding/PDF/prend/set4/WI_25_Pre-
FV_version_prEN_13779_Ventilation_for_non-resitential_buildings.pdf (accessed on 23 May 2020). 
104. Sharpe, T,; McGill, G.; Gregg, M.;Mawditt, I. Characteristics and Performance of MVHR Systems A Meta Study 
of MVHR Systems Used in the Innovate UK Building Performance Evaluation. The Glashow School of Art: 
Glasgow, UK, 2016. 
105. Pluijm, W.Van.Der. The robustness and effectiveness of mechanical ventilation in airtight dwellings: A 
study to the residential application of mechanical ventilation with heat recovery in the Netherlands. 
Eindhoven University of Technology, 2010. 
106. Balvers, J.; Bogers, R.; Jongeneel, R.; van Kamp, I.; Boerstra, A.; van Dijken, F. Mechanical ventilation in 
recently built Dutch homes: Technical shortcomings, possibilities for improvement, perceived indoor 
environment and health effects. Archit. Sci. Rev. 2012, 55, 151, doi:10.1080/00038628.2012.664938. 
107. Hill, D. Field Survey of Heat Recovery Ventilation Systems Final Report; CMHC: Ottawa, Canada, 1998. 
108. Morgan, C.; Foster, J.A.; Poston, A.; Sharpe, T.R. Overheating in Scotland: Contributing factors in occupied 
homes. Build Res. Inf. 2017, 45, 143–156, doi:10.1080/09613218.2017.1241472. 
109. Mlakar, J.; Štrancar, J. Overheating in residential passive house: Solution strategies revealed and confirmed 
through data analysis and simulations. Energy Build 2011, 43, 1443–1451, doi:10.1016/j.enbuild.2011.02.008. 
110. Tommerup, H.; Svendsen, S. Energy savings in Danish residential building stock. Energy Build 2006, 38, 
618–626, doi:10.1016/j.enbuild.2005.08.017. 
111. Manz, H.;Huber, H.; Schälin, A.; Weber, A.; Ferrazzini, M.; Studer, M. Performance of single room 
ventilation units with recuperative or regenerative heat recovery. Energy Build 2000, 31, 37–47, 
doi:10.1016/S0378-7788(98)00077-2. 
112. Gupta, R.; Kapsali, M.; Howard, A. Evaluating the influence of building fabric, services and occupant 
related factors on the actual performance of low energy social housing dwellings in UK. Energy Build 2018, 
174, 548–562, doi:10.1016/j.enbuild.2018.06.057. 
 
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
  
